Bitter taste perception influences human nutrition and health, and the genetic variation underlying this trait may play a role in disease susceptibility. To better understand the genetic architecture and patterns of phenotypic variability of bitter taste perception, we sequenced a 996 bp region, encompassing the coding exon of TAS2R16, a bitter taste receptor gene, in 595 individuals from 74 African populations and in 94 non-Africans from 11 populations. We also performed genotype-phenotype association analyses of threshold levels of sensitivity to salicin, a bitter anti-inflammatory compound, in 296 individuals from Central and East Africa. In addition, we characterized TAS2R16 mutants in vitro to investigate the effects of polymorphic loci identified at this locus on receptor function. Here, we report striking signatures of positive selection, including significant Fay and Wu's H statistics predominantly in East Africa, indicating strong local adaptation and greater genetic structure among African populations than expected under neutrality. Furthermore, we observed a "star-like" phylogeny for haplotypes with the derived allele at polymorphic site 516 associated with increased bitter taste perception that is consistent with a model of selection for "high-sensitivity" variation. In contrast, haplotypes carrying the "low-sensitivity" ancestral allele at site 516 showed evidence of strong purifying selection. We also demonstrated, for the first time, the functional effect of nonsynonymous variation at site 516 on salicin phenotypic variance in vivo in diverse Africans and showed that most other nonsynonymous substitutions have weak or no effect on cell surface expression in vitro, suggesting that one main polymorphism at TAS2R16 influences salicin recognition. Additionally, we detected geographic differences in levels of bitter taste perception in Africa not previously reported and infer an East African origin for high salicin sensitivity in human populations.
Introduction
Although TAS2R16, a bitter taste receptor gene located on chromosome 7, has traditionally been associated with the detection of toxic b-D-glucopyranosides, such as salicin from willow bark (Bufe et al. 2002; Soranzo et al. 2005; Sakurai, Misaka, Ueno et al. 2010; Greene et al. 2011; Hayes et al. 2011) , studies have now discovered a broader range of functions for this locus. Prior research demonstrated that polymorphic variation at TAS2R16 confers a strong differential response to salicin and other bitter ligands in vitro (Bufe et al. 2002; Soranzo et al. 2005; Sakurai, Misaka, Ueno et al. 2010; Greene et al. 2011; Hayes et al. 2011) , and this variation has been suggested to influence preference for ß The Author 2013. Published by Oxford University Press on behalf of the Society for Molecular Biology and Evolution. All rights reserved. For permissions, please e-mail: journals.permissions@oup.com foods or beverages containing these naturally occurring bitter compounds (Imai et al. 2012) . Several studies have also reported that bitter taste receptors are expressed in cell types that are not directly involved in oral sensory perception, such as in the lungs (Shah et al. 2009; Deshpande et al. 2010) , sinonasal tissue (Shah et al. 2009; Lee et al. 2012) , gastrointestinal tract (Rozengurt and Sternini 2007) , and in the testis (Campa et al. 2012) . Thus, bitter taste receptors participate in a variety of biological processes, including metabolism and immune response. In addition, nucleotide polymorphisms in or near the coding exon of TAS2R16 have been identified as risk factors for alcohol and nicotine dependence (Hinrichs et al. 2006; Mangold et al. 2008; Hayes et al. 2011) in African Americans and have also been correlated with differences in lifespan and senescence among individuals in an isolated European population from southern Italy (Campa et al. 2012) .
Although TAS2R16 is thought to play important roles in nutrition and health, little is known about patterns of genetic and phenotypic variation at this locus in human populations, particularly in Africa. A prior genetic analysis of TAS2R16 found evidence for positive selection, influencing patterns of diversity at this locus, in Africans (consisting of eight populations, four of which share ancestry originating from Bantuspeaking populations) and non-Africans (consisting of 52 populations) (Soranzo et al. 2005) , and inferred that functional variation at nucleotide site 516 was the selectively advantageous mutation. A more recent study of global populations (which included nine African populations) detected signals of positive selection at TAS2R16 primarily in Eurasia based on long-range haplotype data and suggested limited evidence for selection at this locus in Africa (Li et al. 2011) . However, given the small number of Africans included in these studies and prior evidence for local adaptation in Africa (Tishkoff et al. 2007) , we hypothesized that ethnically diverse populations in different geographic regions and/or practicing different subsistence strategies (such as hunting/gathering, pastoralism, agriculture, and agropastoralism) in Africa may show distinct patterns of genetic and phenotypic variability and signatures of selection at this gene.
In order to test this hypothesis, we analyzed sequence variation in the intronless coding exon of TAS2R16 in 595 individuals from 74 populations with diverse diets living in West Central, Central, and East Africa and in 94 individuals from 11 populations in the Middle East, Europe, East Asia, and the Americas. We also examined the association between genetic variability at this locus and levels of salicin bitter taste recognition in a subset of 296 individuals from the above African populations. Additionally, we characterized the functional effects of TAS2R16 amino acid substitutions on receptor function in vitro. Here, we report differential signatures of positive selection based on the allele frequency spectrum across Africa, a "star-like" genealogy for haplotypes with the derived T-allele at nucleotide site 516 associated with increased bitter sensitivity, and greater than expected genetic differentiation at this functional polymorphic site consistent with a model of positive selection for "high-sensitivity" variation. In contrast, our analyses indicated that haplotypes carrying the ancestral "low-sensitivity" allele at site 516 have been subject to strong purifying selection. Although a prior in vitro study showed a correlation between nonsynonymous variability at position 516 within TAS2R16 and salicin response (Soranzo et al. 2005) , we demonstrated the effect of this nucleotide site on salicin bitter perception in vivo in diverse Africans and suggest a molecular basis for salicin bitter taste recognition using in vitro data. In addition, we observed geographic structuring of bitter taste sensitivity in Africa and infer an East African origin for the salicin "taster" trait in humans. Overall, this study correlates genetic variants that are targets of selection with phenotypic variability, demonstrating the connection between functional variation and local adaptation at a biologically relevant locus in human populations.
Results

Patterns of Nucleotide Diversity
From our analysis of the 876 bp coding exon of TAS2R16 in global populations, including 74 populations from Africa (supplementary table S1, Supplementary Material online), we identified a total of 15 single-nucleotide polymorphisms (SNPs) (supplementary table S2, Supplementary Material online). Overall, African populations had the largest number of polymorphic loci (15) compared to non-Africans (2) (supplementary tables S2 and S3, Supplementary Material online). Of the 15 SNPs identified, 7 were nonsynonymous (A340G, C481T, G516T, C605T, C662T, A665G, and A805G), mostly occurring at low frequency (minor allele frequency [MAF] <1-5.6%) except for G516T and A665G which were found to be more common in Africa (supplementary table S3 , Supplementary Material online); the remaining 8 SNPs were synonymous (C300T, C303G, C321G, C333T, T460C, G663T, A846G, and T847C), with MAF ranging from <1% to 20.6% (supplementary table S3, Supplementary Material online). Furthermore, 4 of the 15 SNPs (at positions 300, 303, 516, and 846) had derived alleles at relatively high frequency (23-34%), and we observed strong linkage disequilibrium (LD) among these loci in African populations (supplementary fig.  S1 , Supplementary Material online). We also identified several novel polymorphisms, namely two nonsynonymous (C605T and A805G) and two synonymous (G663T and T847C) mutations at low frequency (<1-3%) in populations from West Central and Central Africa (supplementary table S3,  Supplementary Material online) .
Additionally, we observed regional differences in the frequency of common variation at nucleotide site 516 (corresponding to amino acid variability at site 172), previously associated with salicin bitter sensitivity in Africa (Soranzo et al. 2005) . Specifically, the derived T-allele (or N amino acid) occurred at relatively high frequency in East Africa (75-94.1%). However, this derived polymorphism was typically present at a lower frequency in populations from West Central and Central Africa (50-78.6%), with the exception of the Fulani where this allele was found at a frequency of 88.6%. In contrast, the derived T-allele was observed at 100% 289 Salicin Bitter Taste Sensitivity in Africa . doi:10.1093/molbev/mst211 MBE frequency in our non-African samples, suggesting that the ancestral G-allele is rare or absent in populations outside of Africa (supplementary table S3 , Supplementary Material online). We also calculated nucleotide diversity statistics, S and , in the coding region of our global samples, and we found higher levels of nucleotide diversity for both statistics in African populations compared with non-Africans (supplementary table S4, Supplementary Material online).
Haplotype Variation
We inferred a total of 13 distinct haplotypes (H1-H13) in our global populations (supplementary tables S2 and S5a and b, Supplementary Material online); H1-H9 carry the derived T-allele and H10-H13 contain the ancestral G-allele at nucleotide position 516 within the coding exon of TAS2R16. Among non-Africans, two major haplotypes, H1 and H4, accounted for 100% of sampled chromosomes. In contrast, however, we found higher levels of common haplotype variation among Africans (supplementary table S5a and b, Supplementary Material online). Specifically, in addition to H1 and H4, we also observed common H10 and H12 haplotypes with the ancestral G-allele, and together these four haplotypes accounted for the majority of chromosomes in African populations (88.9-100%). Furthermore, we found population-specific haplotypes (H3, H5, H6, H7, H8, and H11) present at relatively low frequency (<1-5.6%) in different groups across Africa (supplemental table S5a and b, Supplementary Material online). We also observed the presence of region-specific haplotype variation. Specifically, haplotype H2, which carries the derived T-allele at polymorphic site 516 was found only in East Africa, with the highest frequency of this variant occurring in Sandawe hunter-gatherers from Tanzania (13.9 %), followed by the Cushitic Afroasiatic speakers from Tanzania (5.6%) and Kenya (1.9%), and then the Omotic Afroasiatic speakers from Ethiopia (1.2%) (supplementary table S5a, Supplementary Material online).
Genotype-Phenotype Association
Given that salicin, a bitter tasting compound, is a known ligand of the TAS2R16 receptor Mueller et al. 2005; Soranzo et al. 2005; Sakurai, Misaka, Ueno et al. 2010; Greene et al. 2011; Hayes et al. 2011) , we examined threshold levels for recognizing salicin bitterness in vivo in 296 individuals originating from Central (N = 161) and East Africa (N = 135). Overall, the distribution of salicin bitter taste sensitivity was continuous in both geographic regions (supplementary fig. S2 , Supplementary Material online). However, we did observe regional differences in bitter taste recognition thresholds. In particular, we found a significant difference in the mean salicin score (P = 0.002; two-tailed nonparametric MannWhitney test) between East Africa (mean = 5.76 ± 1.886; range = 11; minimum score = 1 [low sensitivity]; maximum score = 12 [high sensitivity]) (supplementary table S6, Supplementary Material online) and Central Africa (mean = 5.06 ± 1.302; range = 8; minimum score = 2; maximum score = 10), indicating geographic structuring of bitter taste sensitivity in Africa.
To test whether or not common nonsynonymous variation at nucleotide 516 influences levels of salicin sensitivity, we compared the mean salicin scores of 1) individuals homozygous for two haplotypes carrying the ancestral G-allele, 2) individuals heterozygous for haplotypes containing the derived T-allele and the ancestral G-allele, and 3) individuals homozygous for haplotypes with the derived T-allele using general linear model (GLM) analysis of variance (ANOVA) adjusting for age and sex in both Central Africa and East Africa. This analysis showed a significant difference in mean salicin sensitivity between genotypic classes (P = 0.035 in Central Africa; P = 0.033 in East Africa) (supplementary table S7, Supplementary Material online), with individuals possessing at least one derived T-allele having a higher mean score than individuals homozygous for the ancestral G-allele, indicating a functional difference between these polymorphisms (supplementary table S7, Supplementary Material online) consistent with in vitro analyses by Soranzo et al. (2005) .
Furthermore, to rule out the possibility that other variants may be contributing to salicin phenotypic variance, we also examined the effect of common nonsynonymous variation at polymorphic site 665 (corresponding to amino acid position 222) on haplotypes with the T-allele at polymorphic site 516 by comparing mean salicin score across two genotypic classes: 1) individuals homozygous for the T-allele at site 516 and homozygous for the ancestral A-allele at position 665 and 2) individuals homozygous for the T-allele at site 516 and either homozygous or heterozygous for the derived G-allele at position 665 using a GLM ANOVA adjusting for age and sex. Individuals with the common derived G-allele at position 665 had a lower mean salicin score compared with individuals with two common haplotypes, but the difference in mean score was not statistically significant (P = 0.382 in Central Africa; P = 0.425 in East Africa) (supplementary table S8, Supplementary Material online). Furthermore, we applied the above method to test individuals homozygous or heterozygous for haplotypes containing the low-frequency nonsynonymous variation on haplotypes with the T-allele at nucleotide site 516. This univariate analysis also showed no significant difference (P = 0.933 in Central Africa; P = 0.589 in East Africa) in mean salicin score between groups with and without additional nonsynonymous variants (supplementary table S9, Supplementary Material online).
In Vitro Function of Mutagenized TAS2R16 Receptors
To further understand how polymorphic sites at TAS2R16 influence function in vitro, we constructed multiple TAS2R16 protein receptors with a single amino acid change (wild-type versus derived) at sites where we observed nonsynonymous variants in our sequence data, and we measured receptor surface expression (i.e., the trafficking of TAS2R16 receptor mutants to the cell surface) (table 1). This analysis showed that the N172 TAS2R16 protein sequence with the derived N-variant at amino acid position 172 (corresponding to the T-allele at nucleotide position 516) expresses approximately 1.5-to 2-fold higher than the TAS2R16 receptor protein with the K172 variant (corresponding to the 290 Campbell et al. . doi:10.1093/molbev/mst211 MBE G-allele at site 516), providing a molecular basis for the observed decrease in sensitivity of the K172 variant to salicin in our human population data. In contrast, however, receptor variants at the other sites where we observed nonsynonymous substitutions showed either weak or no effect on receptor cell surface expression (table 1), suggesting that most sites with amino acid changes are not critically involved in receptor function. The one exception was position 114 where the TAS2R16 receptor protein with a derived amino acid variant showed a 2-fold decrease in cell surface trafficking compared with the wild-type receptor with the ancestral amino acid at the same site (table 1).
Haplotype Relationships
We constructed a median-joining network which showed that haplotype variation grouped into two major clusters, each defined by the presence of either the derived T-or ancestral G-allele at nucleotide position 516 (corresponding to the N or K amino acid variant, respectively, at position 172). Notably, the N-bearing H2 haplotype, specific to East Africa, is located closest to the root of the network, implying that this is the oldest haplotype associated with increased sensitivity to salicin ( fig. 1 ). Common haplotypes were also observed at varying frequencies in Africa. For example, we found a higher proportion of common K-variant haplotypes (H10 and H12) in West Central and Central Africa and a lower proportion of these haplotypes in East Africa, indicating a geographic structuring of haplotype variation associated with bitter taste sensitivity across the continent. Additionally, populations practicing different subsistence strategies (such as hunting/gathering, pastoralism, agriculture, and agro-pastoralism) had relatively similar frequencies of common N-or K-variant haplotypes (supplementary tables S5a and b, Supplementary Material online), suggesting that patterns of haplotype variation are not likely correlated with diet.
The low-frequency haplotypes, defined by polymorphic sites in addition to the functional SNP at position 516, also showed a star-like pattern of variation radiating from the common H1 high-sensitivity haplotype in the N-variant clade consistent with the genetic pattern expected under a model of positive selection ( fig. 1 ). Moreover, nonsynonymous polymorphisms, including derived mutations, occurred only on haplotypes with the N-variant (153 chromosomes out of a total of 1,378 chromosomes), whereas nonsynonymous mutations were not observed on any haplotype with the low-sensitivity K-variant (273 chromosomes out of a total of 1,378 chromosomes), a significant difference based on w 2 analysis (w 2 = 42.5; df = 1; P < 0.001) (supplementary table S14, Supplementary Material online).
Population Differentiation
To investigate patterns of genetic differentiation, we generated multidimensional scaling (MDS) plots of genetic relationships among African populations based on estimates of F ST derived from (A) randomly selected genome-wide SNPs and (B) TAS2R16 sequence data ( fig. 2 and supplementary fig.  S3 , Supplementary Material online). Our analysis using genome-wide SNPs showed that African populations generally clustered on the basis of genetic similarity and/or linguistic properties consistent with previous studies of autosomal loci (Tishkoff et al. 2007; Scheinfeldt et al. 2010) . For example, the Luo from Kenya, who speak a Western Nilotic language, grouped more closely with Niger-Kordofanian Bantu speakers with whom the Luo share high levels of ancestry. In contrast, however, MDS analysis of our sequence data from TAS2R16 revealed a different pattern of genetic relationships among populations ( fig. 2B and supplementary fig. S3 , Supplementary Material online). Here, we found that, in most cases, populations from the same geographic region generally clustered together, irrespective of shared ancestry ( fig. 2B ). For example, most Afroasiatic-, Nilo-Saharan-, and NigerKordofanian-speaking populations from Central Africa formed a distinct cluster. Similarly, East African populations clustered together as a separate group, with the exception of the Niger-Kordofanian and Nilo-Saharan speakers from Kenya NOTE.-TAS2R16 mutants (containing nonsynonymous substitutions at a single site) were expressed in HEK293T cells and surface expression was detected by immunostaining against an extracellular FLAG epitope present in all clones. All clones were tested two or three times each and normalized against a wild-type (WT) control set to 100%. The ancestral and derived mutations observed in this study are given for each polymorphic site, as well as the amino acid used in the test of cell surface expression (library mutation) which compares function with the ancestral amino acid (WT). In some cases where the naturally occurring derived mutation and the test mutation are different (namely, amino acid positions 114 and 161), the derived amino acids used in the test of cell surface expression are structurally similar to the naturally occurring derived amino acid. Data are shown as the average expression signal ± range. The WT construct used to make the mutation library contains an Asn (derived N allele) rather than a Lys (ancestral K allele) at residue 172.
b
The clone containing S221L has a second site mutation (Y176N). A clone containing only Y176N shows similar surface expression levels to the double mutant, indicating that the Y176N residue is functionally neutral.
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Salicin Bitter Taste Sensitivity in Africa . doi:10.1093/molbev/mst211 MBE ( fig. 2B ). Another notable exception were the Fulani from Cameroon (West Central Africa) who grouped more closely with East African populations rather than with other NigerKordofanian speakers from West Central Africa with whom they share recent ancestry as in figure 2A (fig. 2B ).
Our analyses of population differentiation also revealed that the observed F ST value among Africans (F ST = 0.076) at the common functional nonsynonymous SNP at position 516 was an outlier in the empirical distribution of F ST values derived from our genome-wide SNP data, falling in the top one percentile of values. Furthermore, the F ST value at position 516 was significantly different from the mean F ST for our genome-wide SNP data (P = 0.000001; one-tailed test) based on the one-sample t-test. Together, the unusually high F ST for the common functional variant at TAS2R16 and the extensive population structure among Africans based on sequence data are consistent with a model of local adaptation at this locus in Africa.
Estimated Age of TAS2R16 Variants
We constructed a gene tree showing the mutation history of global variation in the coding region of TAS2R16 and estimated the time since the most recent common ancestor (TMRCA) of the tree, as well as ages of nucleotide polymorphisms (Griffiths 2007) (fig. 3 and supplementary table S11, Supplementary Material online). Like the haplotype network, the shape of the gene tree indicated that variation at this locus clustered into two major clades, each defined by the presence of either the ancestral K or derived N amino acid variant (corresponding to the G-or T-allele, respectively, at nucleotide site 516). Our analysis yielded a deep coalescence time for the origin of variation at TAS2R16 (mean TMRCA was~1.75 Ma ± 745,743 years) and an ancient age for the derived nonsynonymous allele at position 516 associated with increased salicin sensitivity (mean age was~1.1 Ma ± 440,115 years) ( fig. 3 and supplementary table S11, Supplementary Material online). Our genealogy also showed the relatively more recent emergence of other nonsynonymous mutations on haplotypes carrying the derived "high-sensitivity" allele, suggesting ongoing diversification of "high-sensitivity" haplotype variation.
Tests of Neutrality and Extended Haplotype Homozygosity
Given the presence of high-frequency derived variation at this locus (supplementary table S3, Supplementary Material online), we applied Fay and Wu's H statistic (Fay and Wu 2000; Jensen et al. 2005) , which measures departures from neutrality based on high-frequency and intermediatefrequency alleles (Fay and Wu 2000) , to sequence data in the coding region of TAS2R16 in African and non-African populations. Our results showed that most populations in East Africa exhibited significantly negative Fay and Wu's H statistics (under an assumption of constant population 
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Salicin Bitter Taste Sensitivity in Africa . doi:10.1093/molbev/mst211 MBE size), indicating an excess of high-frequency derived alleles within this geographic region. However, H values did not significantly deviate from neutral expectation in populations from West Central and Central Africa, with the exception of the Fulani population (H = À3.699; P < 0.05) ( fig. 4 and supplementary table S12, Supplementary Material online). Estimates of Tajima's D (D T ) were also calculated for the coding region in our global samples (supplementary table S12, Supplementary Material online), but we did not detect significant deviation from neutrality using this statistic. Given that D T does not distinguish between ancestral and derived states and is influenced mostly by intermediate-and lowfrequency variation (Fay and Wu 2000; Jensen et al. 2005) , this statistical test may not be sensitive enough to detect selection based on the observed allele frequency distribution at TAS2R16. Because population growth can skew the observed allele frequency spectrum, we also reestimated the significance of Fay and Wu's H under different models of population growth using coalescent simulations (Hudson et al. 1992 ). Our results showed that H values in East Africa and the Fulani from West Central Africa were significantly more negative than expected (P < 0.025) under scenarios of low growth, with the strongest departures from neutrality occurring in Ethiopian populations (supplementary table S13, Supplementary Material online). We also applied the McDonald-Kreitman test (McDonald and Kreitman 1991) to our African and non-African populations using the common chimpanzee as an outgroup. This analysis of the relative number of polymorphic and fixed synonymous and nonsynonymous variation was not significant (P > 0.05; supplementary table S14, Supplementary Material online) in our samples. However, we did observe low levels of fixed nonsynonymous variation between species (i.e., humans and chimpanzee) at this locus indicative of strong purifying selection (supplementary table S14, Supplementary Material online).
To further explore signatures of selection at TAS2R16, we integrated SNPs ascertained through resequencing of this locus with~60,000 SNPs genotyped across an~158 Mb region on chromosome 7 for a subset of 165 individuals FIG. 3 . Inferred TMRCA of global variation and individual ages of mutations at TAS2R16. A gene tree describing the mutation history or genealogy of polymorphisms in the coding region of TAS2R16 was constructed using a coalescent-based method implemented in GENETREE (Griffiths 2007) . The TMRCA and ages of polymorphisms are mean estimates with standard deviations listed in supplementary table S10, Supplementary Material online. The scale (in millions of years) is along the vertical axis of this figure. Dots represent mutations, and the numbers beside each dot are the designated identifier for each polymorphism given by the GENETREE program. The red dots indicate nonsynonymous variants, while black dots signify synonymous variation. We also indicated the polymorphic variation associated with salicin bitter taste (G516T). The dashed horizontal line represents the origin of anatomically modern humans~200,000 years ago. fig. 5 and supplementary fig. S4 , Supplementary Material online). However, we did not observe long-range haplotype homozygosity on chromosomes carrying the derived T-allele relative to chromosomes carrying the ancestral G-allele in any African population using this statistic ( fig. 5 and supplementary fig. S4 , Supplementary Material online).
Correlation between Allele Frequency at TAS2R16 and Malaria Endemicity
It has been suggested that the "lower sensitivity" ancestral G-allele at polymorphic site 516 occurs at relatively high frequency in regions of Africa with endemic malaria and may be protective against this disease (Soranzo et al. 2005) . To explore this hypothesis, we measured the strength of association between ancestral G-allele frequency at nucleotide site 516 and levels of malaria endemicity for several African populations from West Central, Central, and East Africa for which we had endemicity data using Spearman's correlation coefficient () (supplementary table S15, Supplementary Material online). We did not, however, find a significant association (P = 0.317) between ancestral allele frequency at 516 and malaria endemicity in Africans (supplementary table S15, Supplementary Material online).
Discussion
Genotype-Phenotype Association in Africa
Our genotype-phenotype analysis in vivo showed that individuals with at least one derived T-allele at polymorphic site 516 have a higher sensitivity to salicin bitterness compared with individuals homozygous for the ancestral G-allele. Our in vitro data also supported this finding and further showed that the T-allele (coding for the N amino acid at residue 172) increases trafficking of the receptor to the cell membrane. While a prior study also reported a functional difference between the T-and G-alleles in vitro (Soranzo et al. 2005) , we confirm the effect of allelic variability at site 516 on levels of salicin sensitivity in vivo in diverse Africans and suggest, based on in vitro data, that differences in cell surface expression of TAS2R16 receptor variants may contribute to differences in salicin bitter taste perception. In addition, our data showed that most other nonsynonymous substitutions at TAS2R16 do not have a strong effect on receptor trafficking, suggesting that a very limited number of amino acid polymorphisms at this locus result in differential response to salicin bitterness in human populations. However, it remains possible that these other nonsynonymous variants at TAS2R16 could play a role in the detection of other bitter compounds or that they may participate in a number of physiological processes beyond gustatory function. Alternatively, low-frequency nonsynonymous variants on haplotypes containing the derived T-allele could be tolerated due to weak purifying selection, whereas strong purifying selection acting on haplotypes containing the G-allele has constrained accumulation of nonsynonymous variation.
In addition, we observed higher levels of salicin sensitivity (higher mean and range of salicin scores) in East Africa relative to West Central and Central Africa. Similarly, genetic variability associated with salicin sensitivity was geographically structured, with salicin "taster" variation occurring at higher frequency in East Africa than in West Central and Central 
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Salicin Bitter Taste Sensitivity in Africa . doi:10.1093/molbev/mst211 MBE FIG. 5. EHH plots for selected African populations. These plots show the decay of haplotype homozygosity with increasing distance from the core SNP represented here as the derived and ancestral alleles at nucleotide position 516 in the TAS2R16 gene. The x axis is the chromosome position of SNPs spanning chromosome 7 and the y axis is the probability that two chromosomes are homozygous at all SNPs for the entire interval from the core region to distance x. EHH = 0 means all extended haplotypes are different, while EHH = 1 indicates that all extended haplotypes are the same. In our plot, the red line represents the decay of homozygosity of chromosomes carrying the derived allele at the core, while the blue line signifies the decay of homozygosity on chromosomes bearing the ancestral core allele.
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Campbell et al. . doi:10.1093/molbev/mst211 MBE Africa, which had been reported by Soranzo et al. (2005) for a smaller number of populations. Previous studies have also identified a strong correlation between decreased salicin sensitivity and medically relevant behavioral traits, such as nicotine and alcohol dependence (Hinrichs et al. 2006; Mangold et al. 2008) in African American populations. Our observation of a relatively high frequency of the G-allele at position 516 associated with decreased salicin sensitivity in West Central and Central Africa could explain the high frequency of this risk allele in African Americans who originated mainly from these geographic regions in Africa (Tishkoff et al. 2009 ).
Selection for Salicin Bitter Taste Sensitivity in Africa
We identified striking differential patterns of positive selection at TAS2R16 in diverse African populations based on the allele frequency spectrum. Specifically, we detected significantly negative Fay and Wu's H statistics predominantly in East African populations, indicating an excess of highfrequency derived alleles, whereas Fay and Wu's H did not reach statistical significance in most populations from West Central and Central Africa. The star-like phylogeny observed for the derived N-clade haplotypes also indicates that haplotypes with the derived allele at polymorphic site 516 have undergone expansion due to selection for "high-sensitivity" variation, which could also explain the prevalence of lowfrequency synonymous and nonsynonymous variants on these haplotypes. In addition, we observed extensive population structure among African populations based on total TAS2R16 sequence variation, as well as a high level of genetic differentiation at the common SNP associated with salicin bitter taste sensitivity. Overall, these patterns of diversity are congruent with a model of positive selection operating at TAS2R16 in Africa, and we also suggest that the derived "high-sensitivity" T-allele at site 516 is the likely target of selection in Africa, as was proposed by Soranzo et al. (2005) .
Our GENETREE analysis showed that both "taster" and "non-taster" alleles have existed for a relatively long period of time in Africa (up to a million years). However, it appears that the "taster" T-allele rose to high frequency primarily in East Africa on multiple haplotype backgrounds consistent with a model of positive selection from standing variation (a soft sweep). This model of selection typically yields a relatively deep time of origin for selected mutations within a coalescent framework and is distinct from a classic selective sweep where the age of advantageous mutations is generally more recent (Bamshad and Wooding 2003; Barrett and Schluter 2008; Coop et al. 2008; Kelley 2012; Peter et al. 2012; Fu and Akey 2013) . Nevertheless, the global distribution of the derived T-allele at site 516 suggests that this variant at least predates the origin of anatomically modern humans. Furthermore, the presence of the taster haplotypes at relatively high frequency in populations with divergent diets in East Africa indicates that diet is not likely the selective agent driving signals of selection. Indeed, given the diverse functions of TAS2R16, the pressures that have shaped patterns of genetic variation could be non-gustatory in nature. A similar hypothesis has also been proposed for TAS2R38, another bitter taste receptor gene (Campbell et al. 2012 ). Although we cannot identify the selective pressures affecting the geographic distribution of phenotypic and genetic variability, it is clear that positive selection on standing variation has maintained high-sensitivity haplotypes in East African populations. In addition, the fixation of the derived T-allele outside of Africa suggests that this mutation may have either risen to high frequency due to a selective sweep or may have resulted from the population bottleneck during the geographic expansion of modern humans from Africã 40,000-80,000 years ago. The absence of nonsynonymous mutations on haplotypes with the "low-sensitivity" allele in the K-clade may be due to strong pressure to maintain the ancestral trait of salicin insensitivity in West Central and Central African populations (i.e., strong purifying selection), consistent with the low number of fixed nonsynonymous variants in the McDonald-Kreitman test. These findings raise the possibility that ancestral K-variant haplotypes without amino acid changes are functionally important, resulting in this pattern of evolutionary constraint on "low-sensitivity" haplotypes. Although it has been suggested that decreased bitter taste sensitivity may be selectively advantageous against malaria susceptibility, possibly explaining the relatively high frequency of the "low taste sensitivity" allele in populations from West Central and Central Africa (Soranzo et al. 2005 ), we did not observe a significant association (Spearman's rank correlation, P = 0.317) between variation at 516 and malaria endemicity in Africans (supplementary table S13, Supplementary Material online). Furthermore, we did not detect signatures of positive selection, based on Fay and Wu's H statistic, in most populations from West Central and Central Africa, suggesting that the elevated frequency of low taste sensitivity variation within these geographic regions is not likely due to recent selection for malaria resistance.
Of particular interest, however, is the fact that the Fulani from Cameroon had the highest frequency of the derived "high taste sensitivity" allele and the most significantly negative Fay and Wu's H value in West Central Africa. Based on previous data on African population structure (Tishkoff et al. 2007; Scheinfeldt et al. 2010) , it is possible that the highsensitivity allele was introduced into the Fulani by migration and admixture with other populations from East Africa and/or outside of Africa. However, we cannot distinguish whether the above pattern of variation in the Fulani was due to strong selection after the mutation was introduced into the population and/or whether a selective event had first occurred in other populations who then admixed with the Fulani.
Timing and Spread of Salicin Bitter Taste Sensitivity in Africa
Typically, when a mutation is advantageous, it can rapidly increase in frequency in populations, together with linked variants, resulting in EHH around the selected mutation (Sabeti et al. 2005; Grossman et al. 2013 ). Over time,
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Salicin Bitter Taste Sensitivity in Africa . doi:10.1093/molbev/mst211 MBE mutations arise and recombination breaks up the genomic region containing the advantageous variant, leading to shorter blocks of EHH in the genomic regions around the beneficial allele under selection. In this study, we compared patterns of EHH flanking the derived and ancestral allele at the core SNP (nucleotide position 516) in African populations. However, we did not find evidence for extensive EHH on chromosomes with the derived allele in Africa, in general agreement with a recent analysis of long-range haplotype (LRH) structure around TAS2R16 in global populations (Li et al. 2011) . While this prior study inferred selection for "high taste sensitivity" variation in only a single African population, we argue that "high taste sensitivity" haplotypes have likely existed in humans for a long period of time, in light of the ancient age of variability at nucleotide 516, decreasing the likelihood of observing long-range LD in Africans. Indeed, given that the LRH and EHH tests are aimed at detecting signals of recent sweeps (Sabeti et al. 2005) , these methods will not have sufficient power for identifying nonclassical selective events (Przeworski et al. 2005; Voight et al. 2006; Fu and Akey 2013) , such as a soft sweep of variation at TAS2R16 which may have occurred at a deeper point in modern human history.
Finally, we observed the highest frequency of the oldest haplotype with the derived T-allele (H2), in the Sandawe-and Cushitic-speaking populations from Tanzania. Previous autosomal studies have indicated that the Sandawe hunter-gatherers have admixed considerably with neighboring groups, particularly with southern Cushitic speakers who migrated to Tanzania from a southern Ethiopian homeland (Tishkoff et al. 2009; Campbell and Tishkoff, 2010) . Additional genetic and archaeological evidence also suggested a long history of gene flow between Cushitic speakers and other East African populations (Tishkoff et al. 2009; Campbell and Tishkoff 2010) . Ethiopia is also thought to be the likely site of origin of migration of modern humans out of Africa. It is also interesting to note that East Africans have the highest frequency of the derived variant and we also observed fixation of the derived allele outside of Africa. We, therefore, propose an early origin of the derived high-sensitivity trait in Cushitic speakers originating from Ethiopia that spread to other populations in East Africa through admixture, and subsequently increased in frequency due to positive selection within this geographic region, which is also the likely source for the "high taste sensitivity" variant outside of Africa.
Though the field of TAS2R receptor research has advanced over the last several years, further investigation is needed in order to understand the genetic and environmental components influencing patterns of phenotypic variation and human adaptation. In particular, additional resequencing data on regulatory regions of the TAS2R genes and genome-wide association analyses of bitter taste perception traits will be important for discovering novel mutations contributing to phenotypic differences between populations. Furthermore, as we learn more about the diverse physiological functions of bitter taste receptors, we will have a better idea of the selective pressures that have been acting on the TAS2R loci. In the end, the integration of genetic, phenotypic, and functional data will be critical for identifying the key factors underlying the evolution of these important but relatively understudied genes.
Material and Methods
Population Samples
We sequenced 595 African individuals from 74 populations originating from West Central (Cameroon), Central (Chad, Central African Republic, and Rwanda), and East Africa (Ethiopia, Kenya, and Tanzania) practicing diverse modes of subsistence (such as hunting/gathering, pastoralism, agriculture, and agro-pastoralism), and a comparative set of 94 individuals from 11 populations in the Middle East, Europe, East Asia, and the Americas (a total of 1,378 chromosomes) (supplementary table S1, Supplementary Material online). African populations with shared genetic similarity as well as cultural and/or linguistic properties (e.g., Khoesan-speaking hunter-gatherers and Niger-Kordofanian speakers) were pooled together for analyses as described in Tishkoff et al. (2009) 
DNA Sequencing
A 996 bp region, encompassing the 876 bp coding exon of TAS2R16, was amplified by polymerase chain reaction (PCR). All nucleotide sequence data were generated using the 3730xl automated sequencer (Applied Biosystems). DNA sequences were imported into Sequencher 4.0 (Gene Codes Corporation, Ann Arbor, MI). All reported polymorphisms were then visually inspected for accurate base calls. Consensus sequences were exported and aligned by the MEGA program which was also used to confirm the occurrence of nucleotide polymorphisms.
Haplotype Analysis
The program PHASE v.2.1, which implements a Bayesian statistical method, was used (Stephens et al. 2001) to reconstruct multisite haplotypes from sequence data for subsequent analyses. The genealogical relationships among inferred haplotypes were constructed using the median-joining algorithm implemented in the Network 4.5 program (Bandelt et al. 298 Campbell et al. . doi:10.1093 /molbev/mst211 MBE 1999 . The resulting topology was the tree with the minimum number of changes among all possible maximum parsimony trees from a given data set. Haplotypes within this phylogeny were classified as ancestral or derived based on the presence of either the ancestral G-or derived T-allele at polymorphic site 516.
To further investigate patterns of haplotype variation, we used the chi-square (w 2 ) statistic to test whether or not there is a relationship between two categorical variables: 1) haplotype classification (i.e., ancestral or derived haplotype defined by nucleotide position 516) and 2) the number of haplotypes with or without nonsynonymous polymorphisms (at sites outside of nucleotide position 516 in the coding region) in a 2 Â 2 contingency table. The w 2 statistic measures the divergence of observed data from values that are expected under the null hypothesis of no association between variables. Statistical significance was assessed at P < 0.05, representing the probability of the observed data occurring by chance alone.
Phenotype Determination
Levels of salicin bitter taste sensitivity were measured using a modification of the quality recognition threshold method described by Harris and Kalmus (1951) in 296 individuals from Central (Chad, Central African Republic, and Rwanda) and East Africa (Kenya and Tanzania). During this test, subjects were asked to taste increasingly concentrated solutions of salicin in bottles labeled 13 (containing the most dilute solution, 2 Â 10 À6 M) to 1 (containing concentrated stock solution, 1.64 Â 10 À2 M), until they detected the bitter taste of salicin. Subjects were given a raw phenotype score, corresponding to the bottle number at which they recognized bitter taste. For example, if an individual detected salicin bitterness at bottle number 12, that individual was assigned a salicin score of 12.
Genotype-Phenotype Association
To ascertain the functional effect of genetic variability at TAS2R16 on phenotype, we examined mean salicin score across different genotypic classes in individuals from Central (N = 161) and East (N = 135) Africa using a GLM ANOVA adjusting for age and sex in SPSS. In this univariate analysis, log-transformed salicin scores were entered as the dependent variable and genotypes were included as fixed factors; age and sex were also entered as covariates.
TAS2R16 Receptor Analysis
Mutations in TAS2R16 were introduced by random PCR mutagenesis using a Diversity Mutagenesis kit (Clontech Laboratories, Inc., Mountain View, CA) as part of a larger library covering the entire TAS2R16 receptor, and plasmids were used for functional analysis, as described previously in Greene et al. (2011) . Briefly, HEK-293T cells were transfected with individual TAS2R16 plasmid mutations and a plasmid expressing a Ga16 chimera containing the last 44 amino acids of rat gustducin (Ga16gust44) and incubated for 22 h at 37 C. To measure cell surface expression, cells were washed with PBS (HyClone), fixed with 4% paraformaldehyde (Electron Microscopy Sciences, Hatfield, PA), and stained for 1 h with anti-FLAG MAb M2 (1:500; Stratagene) in phosphate buffered saline (PBS) plus calcium and magnesium (PBS + + ). After washing, cells were incubated with goat anti-mouse Cy3-conjugated secondary antibody (1:500; Jackson Laboratories). After final washing, secondary antibody fluorescence was measured from a minimum of 500 cells by flow cytometry on an IntelliCyt HTFC screening system. Raw data obtained from surface expression and flux experiments were normalized to wild-type TAS2R16 values. Data sets were analyzed and represented as % over baseline signal in the wild-type TAS2R16, using Prism 5.0 software, and values shown represent the average of two or three independent measurements. In some cases where the derived amino acid used in the test of cell surface expression in a TAS2R16 clone was different from the naturally occurring derived amino acid at the same site, the derived amino acid used in the test was structurally similar to the naturally occurring derived amino acid (e.g., if the naturally occurring amino acid was hydrophobic, the replacement amino acid used in the test of surface expression was also hydrophobic and of similar size). Data are shown as the average expression signal ± range.
LD Analysis
Haploview version 4.2 (Barrett et al. 2005 ) was used to construct pairwise comparisons of LD among SNP loci. LD was determined based on the frequency of each SNP and the frequency with which a given SNP was associated with another nucleotide variant. Pairwise LD plots were constructed for pooled populations from West Central, Central, and East Africa, separately. LD plots were also constructed using all identified SNP variation.
Population Differentiation
Metric MDS analyses based on estimates of F ST 1) derived from 1,069 genome-wide SNPs randomly selected from the Illumina 1M-Duo SNP array and 2) calculated from TAS2R16 sequence data were performed in similar sets of African populations in XLSTAT (http://www.xlstat.com/en/download. html, last accessed November 26, 2013). This method created a mapping of objects (in this case, populations) from a proximities matrix (i.e., genetic distances based on F ST ) between objects. This analysis converts the proximity matrix between N objects to coordinates of these same objects in a p-dimensional space; p was generally fixed at two dimensions so that the objects may be easily visualized. The 1,069 SNPs were randomly selected from across the genome using the "-thin" option implemented in the PLINK program (Purcell et al. 2007 ). Average F ST , derived from sequence data, was calculated for the common functional SNP at polymorphic site 516 using the program FSTAT 2.9.3.2 (Goudet 2002 ) (supplementary  table S3 , Supplementary Material online). This observed F ST estimate was then compared with the empirical distribution of F ST values derived from the 1,069 genome-wide SNPs. We also performed a one-sample t-test comparing the average 299 Salicin Bitter Taste Sensitivity in Africa . doi:10.1093/molbev/mst211 MBE F ST value for the functional common SNP at nucleotide site 516 with average F ST for all of the 1,069 SNPs using the R statistical package.
Age Estimates of Mutations
We used a maximum-likelihood approach to estimate the expected TMRCA for the coding region polymorphisms and the expected ages of individual mutations implemented in GENETREE (Griffiths 2007 ). This method is based on the coalescent process and assumes an infinite alleles model and no recombination. Haplotypes and sites that were not compatible with the condition of no recombination (which was one singleton haplotype) were removed from the analysis. Each simulation produced an ordering of coalescent and mutation events. The age of mutations and the TMRCA of the gene tree were also estimated for each run. The expected age was estimated from the weighted average of the simulated ages over different independent runs (Griffiths 2007 (Tajima 1989) . Under neutral evolution, and p are expected to be equal assuming constant population size (Fay and Wu 2000) . The TAS2R16 sequence from Pan troglodytes (common chimpanzee) was downloaded from the National Center for Biotechnology Information (NCBI; http://www.ncbi.nlm. nih.gov, last accessed November 26, 2013) database and used as an outgroup in the Fay and Wu's H analysis. Significance (P value) was determined with coalescence simulations assuming constant population size. Using the ms program (Hudson 1990) , statistical significance of observed Fay and Wu's H values was also assessed under a range of simple demographic models of population growth in coalescent simulations. For Africans, we simulated a 2-, 4-, 8-, and 10-fold increase in population size (from an initial population size of 10,000 individuals) starting at 70 kya until the present (Marth et al. 2004; Voight et al. 2005) .
In addition, we compared the ratio of nonsynonymous and synonymous mutations within and between species for the coding region in African and non-African populations using the McDonald-Kreitman test (McDonald and Kreitman 1991) . For the between-species comparison in this analysis, we used the TAS2R16 sequence from P. troglodytes downloaded from NCBI.
EHH Analyses
We applied the EHH statistic (Sabeti et al. 2005) to our data to identify long-range homozygosity on chromosomes carrying the functional derived T-allele at TAS2R16. We performed this analysis in a subset of 165 sequenced African samples for which we also had Illumina 1M-Duo genotype data. We integrated our sequencing SNP data from 165 individuals with~60,000 SNPs, encompassing an~158 Mb region of chromosome 7 flanking the TAS2R16 gene. SNPs were phased using fastPHASE (v1.4) (Scheet and Stephens 2006) . We then measured the decay of LD for a given core SNP by calculating EHH for the core SNP and the surrounding SNPs on chromosome 7 in the order of increasing distances, starting with the core SNP (EHH = 1) followed by the next closest neighboring SNPs on either side of the core SNP. The estimated EHH values of the core and neighboring SNPs were plotted against their chromosomal position for both the derived and ancestral alleles present at the core site (Sabeti et al. 2005) . Alleles were inferred to be ancestral or derived using the chimpanzee as an outgroup.
Correlation between Allele Frequency at TAS2R16 and Malaria Endemicity To examine the relationship between genetic variability at TA2R16 and malaria endemicity, we calculated Spearman's rank correlation coefficient () between the frequency of the ancestral G-allele at polymorphic site 516 and levels of malaria endemicity, measured by the Plasmodium falciparum parasite rate (PfPr), in a subset of the sampled African populations (supplementary table S13, Supplementary Material online). PfPr for each population was determined by locating the latitude and longitude coordinates of a sampling site for a given population on the country-level map of the spatial distribution of P. falciparum malaria endemicity in Africa created by the Malaria Atlas Project (Hay et al. 2009 ). Significance was determined by testing whether or not the observed value of was significantly different from zero.
Supplementary Material
Supplementary tables S1-S15 and figures S1-S4 are available at Molecular Biology and Evolution online (http://www.mbe. oxfordjournals.org/).
